Detection of QTL for exudation rate at ripening stage in rice and its contribution to hydraulic conductance  by Yamamoto, Toshio et al.
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Dry  matter  production  of crops  is  determined  by  how  much  light  they  intercept  and  how  efﬁciently
they use it for  carbon  ﬁxation;  i.e.,  photosynthesis.  The  high-yielding  rice  cultivar,  Akenohoshi,  main-
tains  a  high  photosynthetic  rate in  the  middle  of the  day  owing  to its high  hydraulic  conductance  in
comparison  with  the  elite  commercial  rice  cultivar,  Koshihikari.  We  developed  94  recombinant  inbred
lines  derived  from  Akenohoshi  and  Koshihikari  and  measured  their exudation  rate to calculate  hydraulic
conductance  to osmotic  water  transport  in  a paddy  ﬁeld.  A quantitative  trait  locus  (QTL)  for  exudation
rate  was  detected  on the long  arm  of chromosome  2 at  the  heading  and  ripening  stages.  We  developedydraulic conductivity
uantitative trait locus
ice
oot surface area
chromosome  segment  substitution  lines  which  carried  Akenohoshi  segments  in the  Koshihikari  genetic
background,  and  measured  hydraulic  conductance  to both  osmotic  and  passive  water  transport.  The  QTL
was conﬁrmed  to be located  within  a region  of  about  4.2  Mbp  on  the  distal  end  of  long  arm  of  chromo-
some  2.  The  Akenohoshi  allele  increased  root  surface  area  and  hydraulic  conductance,  but didn’t  increase
hydraulic  conductivity  of a plant.
© 2015  The  Authors.  Published  by Elsevier  Ireland  Ltd.  This  is an  open  access  article  under  the  CC  BY. Introduction
Global food shortage is one of the serious problems to be
esolved urgently in the world. Since rice (Oryza sativa L.) is the
ost important crop feeding more than half of the world’s pop-
lation especially in Asian countries, increasing its production is
ommon and prioritized objectives. Increasing rice production can
e attained by either enlarging cultivation area or improvement of
roductivity per unit area. In particular, new cultivars with higher
ield production developed by modern rice breeding is highly
xpected.
According to the past accumulated studies in crop science, yield
an be explained as the product of harvest index and total dry
atter production. Harvest index has been continuously increased
uring rice breeding history, and modern high-yielding cultivars of
ice are characterized by high values of this index [1,2]. Indeed,
hese values are considered to be close to the maximum possi-
Abbreviations: QTL, quantitative trait locus; RILs, recombinant inbred lines;
SSLs, chromosome segment substitution lines.
∗ Corresponding author. Fax: +81 29 838 7468.
∗∗ Corresponding author. Fax: +81 42 367 5671.
ttp://dx.doi.org/10.1016/j.plantsci.2015.08.014
168-9452/© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access license  (http://creativecommons.org/licenses/by/4.0/).
ble, and thus increased dry matter production might be the key
to further increases in rice yields [2].
Dry matter production of rice is determined by how much light
they intercept and how efﬁciently they use it for carbon ﬁxation
in photosynthesis, as well as other crops [3]. The maximum photo-
synthetic rate is measured at full leaf expansion under saturating
light, ambient CO2, optimum temperature, and low vapor pressure
deﬁcit [4,5]. It is reduced with leaf senescence [6–8] and by abiotic
stresses, especially water stress [9–12].
Stomatal conductance regulates the supply of CO2 from the air
to the interior of the leaf. The reduction of stomatal conductance is
a major cause of the midday reduction in the photosynthetic rate
of rice growing in submerged paddy ﬁelds [13,14]. Since stomatal
conductance is inﬂuenced by hydraulic conductance [9,10,15,16]
through the reduction of leaf water potential, enhancing hydraulic
conductance can reduce the effect of water stress and maintain the
high midday photosynthetic rate.
There are few studies about natural variation of hydraulic con-
ductance in rice. However, some physiological studies suggest the
existence of varietal difference of it among rice cultivars. For exam-
ple, the high-yielding indica × japonica cultivar, Akenohoshi [7],
and high-yielding indica cultivars, Takanari [17] and Habataki [18],
maintain high stomatal conductance and photosynthetic rate in the
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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iddle of the day owing to their higher hydraulic conductance.
oot hydraulic conductance is determined by root surface area and
ydraulic conductivity [19]. Especially, Akenohoshi increases a root
ass relating to root surface area and hydraulic conductance after
he panicle formation stage compared with the Japanese commer-
ial cultivars and its root mass and hydraulic conductance becomes
arge remarkably at the ripening stage [7]. By contrast, the stomatal
onductance of Japanese commercial cultivars with low hydraulic
onductance is suppressed even under small vapor pressure deﬁcit
n the morning [16,20,21]. These data promise the detection of
TLs for enhancing hydraulic conductance which is one of the most
omplex factors affecting photosynthetic rate.
Generally, genetic analysis requires evaluation of the trait of
umerous crossed progeny. Unlike the relatively straightforward
ethods that can be used to assess simple agricultural traits such
s culm length or seed weight, hydraulic conductance that have
een measured as the authoritative standards [22] with precise
nstruments are difﬁcult to apply to genetic analysis. Exudation
ate (EXR), which is a volume of overﬂowed xylem sap from sur-
ace of excised stems per unit time, could be an approximation of
ydraulic conductance. Because the difference of osmotic potential,
he other determinant of coefﬁcient for the hydraulic conductance,
etween immediately outside the root and xylem sap are stable
nder the normal paddy condition. Since EXR measurement can
andle 50–100 lines per day, it is applicable to evaluate multiple
lants grown in the paddy ﬁeld.
Rice is the ﬁrst genome sequenced crop in the world. Inter-
ational Rice Genome Sequencing Project (IRGSP) released high
uality genome sequence of Nipponbare, a former leading cultivar
n Japan [23]. This “gold standard” genome sequence accelerated
ene identiﬁcations for many agricultural traits including yield
elated traits [24]. However, the genetic basis of hydraulic conduc-
ance remains unresolved. Recently, genome of current Japanese
eading cultivar, Koshihikari, was sequenced by NGS technology
nd compared its genetic relationship with Nipponbare [25]. To
nderstand genetic difference of hydraulic conductance between
kenohoshi and Koshihikari, we developed recombinant inbred
ines (RILs) derived from the two cultivars, and estimated QTLs for
XR. Furthermore, using chromosome segment substitution lines
CSSLs), we verify allelic difference of the most prominent QTL as
ell as other considerable phenotype related with hydraulic con-
uctance, such as a root mass.
. Materials and methods
.1. Plant materials
Akenohoshi was crossed with Koshihikari followed by self-
ollination of their 94 F2 progeny to the F5 generation (Fig. 1).
e conﬁrmed that more than 98% of surveyed genotypes were
omozygous in the F5 (as described in Section 2.5) and therefore
onsidered them as RILs. Simultaneously, to produce CSSLs, the F1
as backcrossed to Koshihikari 3 or 4 times with marker-assisted
election. Two CSSLs were selected, each carrying a segment from
he long arm of chromosome 2 of Akenohoshi in the genetic back-
round of Koshihikari (SL2-4, BC3F3; SL2-5, BC4F3).
.2. Plant cultivation
Koshihikari, Akenohoshi, the 94 F6 and F7 RILs, and the CSSLs
ere grown in a paddy ﬁeld at the National Institute of Agrobiolog-cal Sciences in Tsukuba, Japan. At 30 d after sowing, seedlings were
ransplanted into the ﬁeld at a spacing of 18.5 hills m−2 with one
lant per hill. We  applied a basal dressing of compost at ∼1.5 kg m−2
nd chemical fertilizer at 8 g N m−2, 8.9 g P m−2, and 4.3 g K m−2. NoFig. 1. Scheme of development of RILs and CSSLs derived from a cross between rice
cultivars Akenohoshi and Koshihikari. Materials used in this study are shown in
boxes.
topdressing was applied. Heading date (HD) was deﬁned as the
number of days from sowing to the emergence of approximately
50% of panicles in a plant. HD and the number of panicles (Np) were
measured in 10 plants per line. RILs were analyzed in 2009 and
2010, and CSSLs in 2013.
Koshihikari, Akenohoshi, and the CSSLs were also grown in 3-L
pots ﬁlled with a mixture of upland and paddy ﬁeld soils in a growth
chamber (KG-50HLA, Koito Manufacturing Co. Ltd., Tokyo, Japan).
The growth chamber was  maintained at a day/night temperature
of 28/23 ◦C, a relative humidity of 70–80%, a 12-h photoperiod,
and a photosynthetic photon ﬂux density (PPFD) at the top of
the canopy of ∼1000 mol  m−2 s−1. Basal fertilizer was applied at
0.5 g N, 0.2 g P, and 0.4 g K per pot, and 0.2 g N per pot was top-
dressed 7 d before heading.
2.3. Determination of hydraulic conductance
The hydraulic conductance to water ﬂow driven by the osmotic
potential of root xylem without the transpiration stream (osmotic
water transport) and hydraulic conductance to water ﬂow driven
by hydrostatic pressure of root xylem with transpiration (passive
water transport) [19] were determined.
The hydraulic conductance to osmotic water transport (Cos) was
calculated as [22,26]:
Cos = EXR(

[
soil os − xylem sap
]) (1)
where EXR is the exudation rate (m3 s−1) per stem,  soil os is the
osmotic potential (MPa) immediately outside the root, xylem sap
is the osmotic potential of the xylem sap, and  is the root reﬂec-
tion coefﬁcient (=0.4) [26]. Stems were excised at 15 cm above the
ground and exudates from stems were collected in absorbent cot-
ton on the cut surface. The cotton was  covered with a plastic bag to
prevent evaporation, and the bag was  shaded with aluminum foil.
Exudates were collected in the morning for approximately 3 h, from
08:00. Data were collected on sunny days when the soil tempera-
ture was >24 ◦C, at heading stage and 3 weeks after heading (WAH).
The collected exudates were quickly frozen at –80 ◦C and stored
until the osmotic potential was  measured. The osmotic potential of
both exudates and the paddy water, which were collected on the
same day, was  measured with a freezing-point osmometer (OM
802; Vogel, Giessen, Germany). This method was  used for RILs and
272 T. Yamamoto et al. / Plant Science 242 (2016) 270–277
Fig. 2. Saturated linkage map and locations of QTLs for exudation rate (EX0, at heading stage; EX3, at 3 WAH), heading date (HD), and number of panicles (Np) detected in
RILs.
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SSLs grown in the paddy ﬁeld because it can be easily applied to
ultiple plants.
The hydraulic conductance to the passive water transport from
he soil through the roots to the leaf (Cpa) was calculated as [27]:
pa = Uw
1
(2)
here Uw is the transpiration rate (m3 s−1) per stem and  l is the
ater potential (MPa) of the uppermost three leaves. Cpa was  mea-
ured in CSSLs and parental cultivars grown in pots. Measurements
ere made in an environment-controlled chamber (air temper-
ture 28 ◦C, air vapor pressure deﬁcit ≈1.5 kPa, and PPFD at the
op leaves ≈1000 mol  m−2 s−1). The transpiration rate was  deter-
ined from the rate of weight loss of the pot for approximately
 h after a steady state had been reached. To prevent evaporation,
he surface of the pot was covered with polystyrene foam sealed
gainst the stem with oily clay. After determination of the tran-
piration rate, the water potential of the uppermost three leaves
as measured with a pressure chamber [28] (6000, Soil Moisture
quipment, Santa Barbara, CA, USA).
.4. Determination of root length, root surface area, average root
iameter, and hydraulic conductivity
Following the measurements of Cpa, roots were washed gently
n tap water, and the root length (RL) and surface area (RSA) were
easured with an image analyzer (Win-Rhizo REG v. 2004b, Regent
nc., Quebec, PQ, Canada). Average root diameter (RD) was calcu-
ated from RL and RSA. The hydraulic conductivity of a plant (Lp)
as calculated as hydraulic conductance per RSA [29]:
p =
Cpa
RSA
(3)s hydraulic conductance in whole rice plants is determined mainly
y the hydraulic conductance of the roots, Cpa and Lp were used for
omparing root hydraulic conductance and root hydraulic conduc-
ivity. of chromosome 2. Graphical genotypes of two selected CSSLs with Akenohoshi
 region between RM1379 and RM13958 (ca. 11.1 Mbp) is substituted. (B) In SL2-5,
stituted regions was  calculated with IRGSP v. 1.0.
2.5. DNA marker analysis and QTL analysis
IRGSP reported more than 18,000 simple sequence repeat (SSR)
sites and their primer information of Nipponbare genome as sup-
plemental information [23]. Since genetic similarity of Koshihikari
is close to Nipponbare [25], this information is applicable with
high frequency to our population crossed between Akenohoshi
and Koshihikari. Therefore, in a similar way  of our previous suc-
cessful trial [30], we screened frame SSR markers for linkage map
construction from data of about 2000 SSRs [31] which are initial
representative of the 18,000 [23]. Then, we selected 196 polymor-
phic SSR markers and one InDel marker (Gn1) [32] distributed
evenly in the rice genome. Total genomic DNA was extracted
from fresh leaves by the cetyltrimethylammonium bromide (CTAB)
method [33] and ampliﬁcation conditions for the selected SSR
markers were as in [34].
Linkage mapping was  performed with MAPMAKER/EXP v. 3.0
software [35]. The Kosambi function was used to calculate genetic
distances. QTL analyses were performed by using composite inter-
val mapping [36] as implemented by the program Zmapqtl (model
6) of the software package QTL Cartographer v. 2.5 [37]. Genome-
wide threshold values (P = 0.05) were used to detect putative QTLs
based on results of 1000 permutations [38].
3. Results
3.1. QTL analysis in RILs
The linkage map  was constructed with 197 SSR markers (Fig. 2).
The total length was  approximately 1278 cM and the average inter-
val between the markers was  6.5 cM,  which is sufﬁcient for a frame
map  for QTL analysis in rice. Frequency distributions of heading
date (HD) and number of panicles (Np) were shown on Figs. S1A
and S1B. Obvious bimodal distribution in HD implies that very small
number of large effect QTL is involved in the variation. On the other
hand, normal distribution in number of panicles (Np) implies that
large numbers of small effect QTLs are involved in the variation.
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Fig. 4. Hydraulic conductance to osmotic water transport through roots to the base
of  the stem in plants grown in a paddy ﬁeld. White, Koshihikari; dark gray, SL2-4;
light  gray, SL2-5; black, Akenohoshi. Values are means ± SD (n = 3). Bars topped by
the same letter are not signiﬁcantly different within the same stage (P < 0.05, Tukey’s
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Fig. 5. Hydraulic conductance to passive water transport through roots to leaves 2
weeks after heading in plants grown in 3-L pots. Values are means ± SD (n = 3). Bars
topped by the same letter are not signiﬁcantly different (P < 0.05, Tukey’s HSD test).We  evaluated exudation rate (EXR) as an approximation for
hydraulic conductance because the difference between the osmotic
potential immediately outside the root and the osmotic potential
of the xylem sap ( soil os – xylem sap) did not differ much among
the RILs. Continuous distributions of EXR at heading stage (EX0)
and ripening stage (EX3 at 3 WAH) were observed (Figs. S1C and
S1D), which implies that large numbers of small effect QTLs were
involved in these variations. The detected QTLs for EX0, EX3, HD,
and Np are shown in Fig. 2 and Table 1. At heading stage, QTLs were
detected on the long arms of chromosomes 2 and 7 in 2009 and on
the long arms of chromosomes 2 and 3 in 2010. At 3 WAH, one QTL
was detected on the short arm of chromosome 2 in 2009, and two
QTLs were detected on the long arms of chromosomes 2 and 4 in
2010. Considering from their estimated intervals and parameters,
the QTLs on the long arm of chromosome 2 are thought to corre-
spond to the same locus. Even though there were no other QTLs
stably detected across both stages and years except for on the long
arm of chromosome 2, we decided to focus on this QTL as a target.
This QTL was tentatively named qEXR1 (QTL for exudation rate). The
LOD scores and phenotypic variances explained by qEXR1 at head-
ing stage were 3.7 and 14.9% in 2009 and 3.6 and 13.2% in 2010,
respectively. At 3 WAH, they were 4.8 and 17.0% in 2010. qEXR1
was located between RM8017 and RM3850. The Akenohoshi allele
of qEXR1 increased EXR by approximately 0.03 (g h−1 stem−1).
T. Yamamoto et al. / Plant Scien
Table  2
Heading date, plant height, and number of panicles per hill when ∼50% of stems
started heading. Values are means ± SD (n = 3). Values within a column followed by
the same letter are not signiﬁcantly different (P < 0.05, Tukey’s HSD test).
Cultivar Heading Plant height (cm) Number of panicles
Koshihikari August 2 91.1 ± 1.67 a 14.5 ± 0.13 a
SL 2–4 August 1 91.8 ± 0.81 a 14.0 ± 0.13 a
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dSL  2–5 August 2 89.3 ± 2.43 a 12.5 ± 0.57 b
Akenohoshi August 15 78.5 ± 1.50 b 11.3 ± 0.80 b
.2. Veriﬁcation of allele effects of qEXR1
.2.1. Genotypes of the CSSLs, and their growth and development
To verify allele effect of qEXR1, we developed two CSSLs, SL2-4
nd SL2-5 (Fig. 3). In both CSSLs, only one Akenohoshi chromosome
egment was substituted in the genetic background of Koshihikari.
kenohoshi headed about 2 weeks later and was 11–13 cm shorter
han Koshihikari, SL2-4, and SL2-5 (Table 2). SL2-5 and Akeno-
oshi had signiﬁcantly fewer panicles than Koshihikari and SL2-4
Table 2).
.2.2. Hydraulic conductance to osmotic water transport (Cos)
Cos decreased with ripening from heading to 3 WAH  in four lines,
kenohoshi, Koshihikari, SL2-4 and SL2-5 (Fig. 4). At heading, the
os of SL2-5 was signiﬁcantly higher than that of Koshihikari; at
 WAH, it was signiﬁcantly higher than those of both Koshihikari
nd SL2-4. There was no difference in Cos between Koshihikari and
L2-4 at either stage (Fig. 4). The exudation rate was higher in
kenohoshi and SL2-5 than in Koshihikari and SL2-4, and there
as no difference between SL2-4 and Koshihikari at heading or at
 WAH  (Fig. S2A). The osmotic potential of xylem sap (xylem sap)
as signiﬁcantly higher in Akenohoshi at heading and in SL2-5 at 3
AH than in the other lines (Fig. S2B). Solute and nitrogen transport
as signiﬁcantly higher in Akenohoshi but not in SL2-5 at heading
nd at 3 WAH  than in Koshihikari and SL2-4 (Fig. S2C and E).
.2.3. Hydraulic conductance to passive water transport (Cpa)
Cpa was compared among plants with a transpiration rate per
eaf area (T) of >4.2 × 10−8 m3 m−2 s−1 (Fig. S3B), above which it
s not affected by Uw [27]. Uw tended to be greater, although not
igniﬁcantly, and leaf water potential ( l) was marginally less neg-
tive in SL2-5 and Akenohoshi than in Koshihikari and SL2-4 (Fig.
3A and C). At 2 WAH, Cpa was signiﬁcantly higher in Akenohoshi
nd SL2-5 than in Koshihikari and SL2-4; Cpa was similar between
kenohoshi and SL2-5 and between Koshihikari and SL2-4 (Fig. 5).
.2.4. Root length, root surface area, average root diameter and
ydraulic conductivity (Lp)
RL and RSA were signiﬁcantly greater in SL2-5 and Akeno-
oshi than in Koshihikari and SL2-4 at 2 WAH  (Table 3). RD was
.22–0.26 mm and it was smaller by 14% in SL2-5 and Akenohoshi
han that of Koshihikari, but the difference was only 4% between
L2-4 and Koshihikari although the differences were not statis-
ically signiﬁcant (Table 3). SL2-5 increased root surface area by
ncreasing the length of root with smaller diameter or branch roots
s Akenohoshi did. As there were no differences in leaf area, the leaf
rea per RSA was signiﬁcantly lower in SL2-5 than in Koshihikari
nd SL2-4. There was no difference in Lp among plants.
.2.5. Estimated region of the locus for increasing hydraulic
onductanceIn SL2-4, Cos and Cpa were similar to those of Koshihikari,
hereas in SL2-5, these parameters were signiﬁcantly higher than
n Koshihikari (Figs. 4 and 5). On the basis of these phenotypic
ifferences, we concluded that qEXR1 was located in a region ofce 242 (2016) 270–277 275
approximately 4.2 Mbp  in Nipponbare genome equivalent between
markers RM13958 and RM3850 (Fig. 3).
4. Discussion
Since Akenohoshi’s release in 1982, a large number of genetic
and physiological studies about its high yielding performance were
carried out [7,8,39–43]. Judging from these experimental data, it
was suggested that hydraulic conductance is a major determinant
of the high yield of this cultivar. Here, we attempted to elucidate
the genetic basis of hydraulic conductance in Akenohoshi. To esti-
mate hydraulic conductance to osmotic water transport [27], we
measured the exudation rate and the difference in water potential
between soil and roots. Using this approach, we detected at least
ﬁve QTLs on chromosomes 2, 3, 4, and 7 in RILs between Akenohoshi
and Koshihikari (Fig. 2 and Table 1). Considering the locations of
the detected QTLs, phenotypic difference in exudation rate deter-
mined by the most prominent QTL, qEXR1,  is not affected by QTLs for
HD or Np. We  conﬁrmed the phenotypic effects of qEXR1 in CSSLs
carrying the candidate region (Fig. 3) by assessing both osmotic
water transport (Fig. 4) and passive water transport (Fig. 5). Finally,
we concluded that qEXR1 increases hydraulic conductance to both
transport mechanisms.
In both osmotic and passive transport, water takes the sym-
plastic route through the endodermis [44]. The larger hydraulic
conductance of SL2-5 than those of Koshihikari and SL2-4 can be
explained by a larger root surface area of SL2-5, because hydraulic
conductivity (Lp) was similar in these plants (Table 3). Even though
tight linkages of the QTLs involving exudation rate, hydraulic con-
ductance and root surface area remain a possibility, it is suggested
that substantial function of qEXR1 is increasing root surface area
by increasing branch root length, and that the increased root sur-
face area by qEXR1 causes higher hydraulic conductance in both
transport mechanisms. Lp to passive water transport is reported to
be larger than that to osmotic water transport [44]. However, our
results show the opposite (Figs. 4 and 5), possibly because ﬁeld-
grown plants had larger root systems than pot-grown plants and
because of lysigenous aerenchyma created by the breakdown of
the plasma membrane in rice [26]. On the other hand, as the trans-
port of N and other solutes was not signiﬁcantly greater in SL2-5
than in Koshihikari and SL2-4 (Fig. S2), increasing root surface area
or hydraulic conductance by chromosome segment of qEXR1 is not
related with the uptake of N and other solutes, unlike in the case of
[16].
Root length, root surface area, and hydraulic conductance to
osmotic and passive water transport in SL2-5 were equivalent to
those of Akenohoshi at 2 and 3 WAH  (Table 3; Figs. 4 and 5).
We conclude from these results that the genomic region includ-
ing qEXR1 affects root length, and this explains the increase in
root surface area and thereby enhancing hydraulic conductance. A
Habataki allele on chromosome 4 enhanced hydraulic conductance
in the Sasanishiki [29] and Koshihikari [21] genetic backgrounds.
However, no rice QTL for enhancing hydraulic conductance on chro-
mosome 2 has hitherto been reported.
Root mass is determined by the number of crown roots, the
length of the crown root axis, and the amount of lateral root devel-
opment generated per unit length of axis. According to the database
of [45], we  found that 106 rice genes affecting root morphology
have been identiﬁed. However, these genes are not located in the
qEXR1 candidate region. On the other hand, QTLs for deep root
morphology were detected in this region by using japonica × indica
populations [46]. Even though QTL analysis in the latter study was
conducted by evaluation of roots in pot-grown plants, the pheno-
types were essentially the same as root length or root surface area
increased by qEXR1 in our study (Table 3). Further linkage analysis
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Table 3
Root length, root surface area (RSA), average root diameter (RD) and leaf area (LA) of a whole plant, and hydraulic conductivity (Lp) at 2 weeks after heading of plants grown
in  3-L pots. Values are means ± SD (n = 3). Values within a column followed by the same letter are not signiﬁcantly different (P < 0.05, Tukey’s HSD test).
Cultivar Root length (103 m)  RSA (m2) RD (mm)  LA (m2) LA/RSA Lp (10−8 m s−1 MPa−1)
Koshihikari 1.05 ± 0.09 b 0.83 ± 0.04 b 0.25 ± 0.02 a 0.260 ± 0.016 a 0.315 ± 0.22 a 5.11 ± 0.40 a
.04 a 
.03 a 
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[SL  2-4 1.02 ± 0.11 b 0.83 ± 0.04 b 0.26 ± 0
SL  2-5 1.67 ± 0.17 a 1.13 ± 0.08 a 0.22 ± 0
Akenohoshi 1.42 ± 0.05 a 1.00 ± 0.05 a 0.22 ± 0
ollowed by map-based cloning may  narrow down the candidate
enomic region and identify the gene underlying qEXR1.
The region of another QTL on the long arm of chromosome 2
ear RM12813 may  overlap with the estimated region for root
raits [47,48]. The QTL on chromosome 3 near RM15855 may  be
 pleiotropic effect of late heading of Akenohoshi allele on heading
ate QTLs, Hd6 or Hd16 [49,50]. The QTL on chromosome 4 near
M3820 may  be a part of a well-known QTL cluster containing a
arge number of QTLs that affect root morphology [51]. No QTLs
elated to root growth have been reported on chromosome 7 near
M21577. Detailed physiological and morphological analysis of our
SSLs (SL2-5 or others which we continue to develop for all of the
egions of interest) will further clarify the effect of root morphology
n exudation rate and therefore hydraulic conductance.
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